Abstract. As one of the leading causes of cancer-associated mortalities worldwide, the overall survival rate of osteosarcoma has stably remained at 15-30% for several decades. (3R)-5,6,7-trihydroxy-3-isopropyl-3-methylisochroman-1-one (TIM), isolated from the whole plant of Selaginella moellendorffii Hieron., has been reported to have pharmacological activities. In the present study, the anti-proliferative effects of TIM against osteosarcoma were evaluated, and the underlying molecular mechanisms were explored. The results demonstrated that TIM inhibited proliferation and induced apoptosis in U2OS cells. Furthermore, the expression of the pro-apoptotic protein NOXA in the intrinsic apoptosis pathway was upregulated by TIM, while the expression of myeloid cell leukemia 1, an anti-apoptotic protein, was downregulated. In addition, TIM increased the protein expression of the endoplasmic reticulum stress markers inositol-requiring enzyme 1, activating transcription factor 6 and glucose-regulated protein 78. These results suggested that TIM induced ER stress response while activating intrinsic apoptosis. Furthermore, treating osteosarcoma tumor-bearing mice with TIM significantly inhibited the tumor growth in the xenograft animal model. Overall, the study results suggested that TIM may serve as a potential antitumor agent against osteosarcoma.
Introduction
Osteosarcoma is the third most common cancer in children and young adults, and the most common primary malignant bone tumor in the pediatric and adult populations. It is characterized by the proliferation of tumor cells producing osteoid or immature bone matrix (1, 2) . Approximately 15-20% of osteosarcoma patients present with pulmonary metastasis at the time of diagnosis, exhibiting an extremely poor 5-year survival rate. Despite the availability of multimodality treatment, numerous challenges remain in the clinical treatment of osteosarcoma patients, and the majority of chemotherapeutic drugs have a limited effect on osteosarcoma due to side effects and development of drug resistance. The poor prognosis of osteosarcoma patients has not improved over the three decades following the advent of modern chemotherapy (3) (4) (5) . Therefore, there is an urgent need to develop novel therapeutic agents against osteosarcoma.
Apoptosis, regulated by complex signaling pathways, is essential for normal tissue development (6) . The abnormal expression of pro-or anti-apoptotic genes is believed to be associated with a number of pathologic disorders, including cancer (7, 8) . As a major signaling cascade for apoptosis, the intrinsic mitochondrial pathway serves crucial roles in the regulation of apoptotic processes in various cancer cells (9) . Studies have demonstrated that persistent endoplasmic reticulum (ER) stress was associated with the activation of the intrinsic mitochondrial apoptosis pathway (10) . ER stress is activated through three sensors: Glucose-regulated protein 78 (GRP78), inositol-requiring enzyme 1 (IRE1) and activating transcription factor 6 (ATF6) (11) . Once the sensors are released from GRP78 (also known as binding immunoglobulin protein), certain downstream effectors, such as C/EBP homologous protein, are activated to trigger pro-apoptotic signals by targeting several apoptotic genes (12, 13) .
Natural products isolated from plants have recently attracted great interest due to their potent biological and pharmaceutical activities. A novel compound known as (3R)-5,6,7-trihydroxy-3-isopropyl-3-methylisochroman-1-one (TIM), isolated from the whole plants of Selaginella moellendorffii Hieron., has been reported to inhibit the proliferation of colon cancer cells by inducing apoptosis (14) . In the present study, TIM was further studied to investigate its effects on osteosarcoma. The study results revealed that TIM exhibited potent antitumor activities, as evidenced by its inhibitory effect on osteosarcoma growth in a xenograft tumor model. These results provided (3R)-5,6,7-trihydroxy-3-isopropyl-3-methylisochroman-1-one inhibited osteosarcoma growth by inducing apoptosis insights that may facilitate the development of TIM as a new potential therapeutic agent against osteosarcoma. 4 /100 µl/well. MTT solution (10 µl) was added to each well and incubated at 37˚C for 4 h. Then 200 µl of DMSO was added into each well to dissolve the formazan. The absorbance was measured at 570 nm. The IC 50 value was calculated with GraphPad Prism software (version 8; GraphPad Software, Inc.).
Materials and methods
For subsequent experiments except for the xenograft tumor model establishment and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, U2OS cells were treated with TIM (1, 2 or 4 nM) for 48 h. Cells treated with DMSO were used as control.
Cytochrome c assay. U2OS cells were fractionated with Fractionation kit (cat. no. 78840; Thermo Fisher Scientific, Inc.) subsequent to TIM treatment. The cytochrome c release was measured using a cytochrome c quantikine ELISA kit (cat. no. DCTC0; R&D Systems, Inc.), according to the manufacturer's protocol.
Mitochondrial membrane potential (MMP) measurement.
MMP was measured using the fluorescent probe JC-1. Briefly, following the indicated treatments, U2OS cells were incubated with JC-1 for 15 min at 37˚C in the dark. Subsequent to rinsing twice with PBS, the red/green fluorescence intensity was determined with a fluorescence microplate reader (Tecan Polarion; Tecan Group, Ltd., Mannedorf, Switzerland) at an excitation wavelength of 490 nm and emission wavelength of 530/590 nm, respectively.
Caspase activity measurement. Following the indicated treatments, U2OS cells were lysed with the fractionation kit. Next, the caspase-3/9 activities were determined using the assay kits (cat. no. K106-100 for caspase-3; cat. no. K119-110 for caspase-9; R&D Systems, Inc.) according to the manufacturer's protocol, followed by examination with a microplate reader.
DNA fragmentation measurement. Subsequent to the indicated treatments, U2OS cells were lysed with the fractionation kit, and DNA fragmentation was measured by the Cell Death Detection ELISA plus kit (cat. no. 11544675001; Roche Diagnostics) according to the manufacturer's protocol. The absorbance was measured with a microplate reader at 405 nm.
Cell cycle distribution measurement. Subsequent to the indicated treatments, U2OS cells were washed three times with PBS and fixed with 70% ethanol for 30 min at 4˚C. Next, the cells were incubated with PI/Triton X-100 for 10 min, and the cell cycle distribution was examined by flow cytometry (BD Biosciences, San Jose, CA, USA). The ratio of G1/S was calculated, and changes in cell cycle distribution were expressed as a percentage of the control, which was set to 100%.
Apoptosis analysis. For apoptosis analysis, a total of 2x10 6 U2OS cells were harvested, washed with pre-chilled PBS, and then re-suspended in 500 µl binding buffer. Subsequently, 5 µl Annexin V-FITC/PI were added to each sample, and incubated for 10 min in the dark at room temperature. Analysis of apoptotic cells was performed using a FACScan flow cytometer (BD Biosciences).
RT-qPCR.
Total RNA was extracted with the Qiagen RNeasy reagents (Qiagen GmbH, Hilden, Germany) following manufacturer's protocol and the RNA concentration was measured with NanoDrop Spectrophotometer. RNA (0.5 µg) was used to generate cDNA using an iScript™ Reverse Transcription Supermix kit; the RT protocol was as follows: 25˚C for 5 min, 46˚C for 20 min and 95˚C for 1 min. qPCR was run on a StepOne system (Thermo Fisher Scientific, Inc.) using SYBR Green Supermix (Thermo Fisher Scientific, Inc.). The thermocycling conditions were as follows: 95˚C for 10 min, and 40 cycles of 95˚C for 15 sec and 60˚C for 60 sec. The mRNA levels were quantified with the comparative C q value method (15) and normalized to β-actin levels. The gene-specific primer sequences were as follows: Caspase-3 forward, 5'-ttg tgg aat tga tgc gtg at-3' and reverse, 3'-ggc agg cct gaa taa tga aa-5' (GenBank reference: AJ413269.1); Caspase-9 forward, 5'-cag gag aaa ggc ctc agt tg-3' and reverse, 3'-gga tgt agc cgt gtg acc tt-5' (GenBank reference: AY214168.1); Ire1 forward, 5'-cgg cct ttg cag ata gtc tc-3' and reverse, 3'-act gtc cac agt cac cac ca-5' (GenBank reference: AF059198.1); Atf6 forward, 5'-tga act tcg agg atg ggt tc-3' and reverse, 3'-tca ctc cct gag ttc ctg ct-5' (GenBank reference: AB015856.1); Grp78 forward, 5'-aaa gga cag gct ggt gct aa-3' and reverse, 3'-ggg ctg gag tac agt ggt gt-5' (GenBank reference: BC020235.1); β-actin forward, 5'-aga gct acg agc tgc ctg ac-3' and reverse, 3'-agc act gtg ttg gcg tac ag-5' (GenBank reference: AK222925.1).
Western blot analysis. In order to obtain the total protein, cells were lysed with th fractionation kit and centrifuged at 6,000 x g at 4˚C for 15 min, following which protein concentration was determined by the BCA method. Next, 40 µg protein samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis with 4-12% gels and then transferred to polyvinylidene difluoride membranes. The membranes were blocked with 1% bovine serum albumin (cat. no. A9306; Sigma-Aldrich; Merck KGaA) for 1 h at room temperature and then incubated at 4˚C overnight with the following primary antibodies (Abs): Anti-cleaved caspase-3 rabbit monoclonal (m)Ab (1:1,000; cat. no. 9664; Cell Signaling Technology, Inc.); anti-cleaved caspase-9 rabbit polyclonal (p)Ab (1:500; cat. no. C7729; Sigma-Aldrich; Merck KGaA); anti-Bcl-2 rabbit mAb (1:1,000; cat. no. ab32124; Abcam); anti-Bax rabbit mAb (1:1,000; cat. no. ab182733; Abcam); anti-myeloid cell leukemia 1 (MCL-1) rabbit mAb (1:2,000; cat. no. ab32087; Abcam); anti-NOXA rabbit pAb (1:500; cat. no. ab36833; Abcam); anti-IRE1 (phosphor S724) rabbit pAb (1:1,000; cat. no. ab48187; Abcam); anti-ATF6 rabbit pAb (1:500; cat. no. ab37149; Abcam); anti-GRP78 rabbit mAb (1:5,000; cat. no. ab108615; Abcam); anti-β-actin rabbit mAb (1:5,000; cat. no. ab179467; Abcam). Membranes were then incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (1:8,000; cat. no. ab6721; Abcam) for 1 h at room temperature. The bands were then detected with an ECL system (EMD Millipore, Billerica, MA, USA). The bands were quantified with ImageJ software (version 1.4; National Institutes of Health, Bethesda, MD, USA).
Xenograft tumor model. A total of 5x10
6 U2OS cells were injected subcutaneously into the right flank of nude mice. When the tumor volume reached 50-100 mm 3 , the tumor-bearing mice were divided into four groups (5 mice per group), and administered different treatments. One of the groups was intraperitoneally injected with doxorubicin (2 mg/kg) twice weekly, while two other mouse groups received intragastric treatment with TIM (1 and 2 mg/kg), 5 days per week. Mice treated with PBS served as the negative controls. Once the tumor volume reached 1,500 mm 3 (after ~3 weeks), all tumor-bearing mice were sacrificed to collect the tumor tissue to record the tumor weight and detect apoptosis.
TUNEL assay. Tumor samples were fixed with 4% paraformaldehyde for 4 h, and then dehydrated by graded sucrose solution. Subsequently, the tumor samples were embedded in Tissue-Tek Optimal Cutting Temperature compound (Sakura, Alphen aan den Rijn, The Netherlands), and 10-µm frozen sections were cut sagittally with a freezing microtome. Apoptosis was detected by the In Situ Cell Death Detection kit (Roche Applied Science, IN, USA). Briefly, frozen sections were incubated with permeabilization solution for 2 min on ice. After washing, the sections were incubated with the TUNEL reaction mixture for 60 min at 37˚C in the dark and then rinsed with PBS. Subsequently, the sections were sealed with VECTASHIELD mounting medium with DAPI (Vector Laboratories, Inc., Burlingame, CA, USA) and visualized under the Olympus BX60 microscope (Olympus Corporation, Shinjuku, Japan).
Statistical analysis. Data are expressed as the mean ± standard deviation, and the software SPSS (version 12.0; SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. Data were analyzed by one-way analysis of variance, followed by the least significant difference test. A P-value of <0.05 was considered as an indicator of a statistically significant difference.
Results

TIM inhibits cell proliferation.
To explore the anti-tumor spectrum of TIM, MTT assay was used to determine the anti-proliferative activities of TIM on different cancer cell lines. Lower IC 50 values indicated stronger anti-proliferative activities. As shown in Table I , TIM selectively inhibited the proliferation of colon carcinoma and osteosarcoma cells. Furthermore, TIM exhibited low toxicity on the normal osteoblast cells MC3T3-E1 (Table I) .
TIM induces the apoptosis of U2OS cells. U2OS osteosarcoma cells were subjected to TIM treatment at concentrations of 1, 2 and 4 nM, and then a number of apoptosis-associated markers were detected. Comparing with the control group, TIM treatment at concentrations of 2 and 4 nM significantly decreased the MMP (Fig. 1A) , while it markedly increased the cytochrome c release (Fig. 1B) , DNA fragmentation (Fig. 1C) and Caspase-3/9 activities (Fig. 1D) . In addition, TIM treatment (2 and 4 nM) induced apoptosis in U2OS cells (Fig. 1E and F) . However, as shown in Fig. 2 , TIM treatment did not significantly alter the cell cycle distribution. Comparing with the control group, pro-apoptotic gene (Caspase-3 and Caspase-9) expression levels were significantly increased following 4 nM TIM, (3R)-5,6,7-trihydroxy-3-isopropyl-3-methylisochroman-1-one; IC 50 , half maximal inhibitory concentration.
TIM treatment. Pro-apoptotic protein (Cleaved caspase-3, Cleaved caspase-9 and Bax) expression levels were markedly increased following TIM treatment, whereas anti-apoptotic protein (Bcl-2) expression was evidently decreased (Fig. 3) .
TIM induces apoptosis through the NOXA/MCL-1 axis and by triggering ER stress.
The NOXA/MCL-1 axis is involved in chemotherapeutic-induced apoptosis in several tumor types (16) . The present study results demonstrated that the protein expression of MCL-1 was decreased following TIM treatment, whereas the protein expression of NOXA was upregulated.
Addition of the MCL-1 stabilization agent PGE 1 significantly antagonized the anti-proliferative effects of TIM on U2OS cells, indicating that the NOXA/MCL-1 axis was involved in TIM-induced apoptosis in U2OS cells (Fig. 4A and B) . Furthermore, TIM treatment triggered ER stress, as evidenced by the upregulation of the gene and protein expression levels of ER stress markers IRE1, ATF6 and GRP78 ( Fig. 4C and D) .
TIM inhibits tumor growth in a xenograft mouse model.
Tumor-bearing mice were treated with TIM at a concentration of 1 or 2 mg/kg for 24 days. It was observed that TIM treatment at 2 mg/kg significantly inhibited the U2OS tumor growth, as indicated by the reduction in tumor volume and weight, which showed stronger anti-tumor activities than the positive control drug, doxorubicin ( Fig. 5A and B) . Furthermore, TIM treatment was found to significantly increase the DNA fragmentation, as indicated by the TUNEL assay results (Fig. 5C ).
Discussion
Current treatments for osteosarcoma consist of multi-agent chemotherapy, followed by complete surgical resection, radiation therapy and surveillance for lung metastasis. However, patients with metastasis at the time of diagnosis exhibit a poor response to conventional therapies due to high tumor malignancy and inadequate treatment efficacy (17, 18) . Therefore, it is of utmost importance to search for effective novel agents and treatments. Herbal compounds are becoming an important source of medicinal products. In the present study, it was reported that TIM, a natural compound extracted from whole plants of Selaginella moellendorffii Hieron., inhibited osteosarcoma growth by inducing apoptosis.
The intrinsic mitochondrial pathway is a major signaling cascade for apoptosis. The role of mitochondria during the process of cell death regulation is crucial, and the decrease of MMP would induce the release of cytochrome c from mitochondria to the nucleus, activating caspase-associated apoptotic proteins (19, 20) . Caspase-3 and caspase-9 activate endonucleases to cleave nuclear DNA and ultimately lead to DNA fragmentation (21) . The current study results revealed that TIM decreased the MMP, while it increased the cytochrome c release, DNA fragmentation, and activities of caspase-3 and caspase-9. Furthermore, apoptosis significantly increased following TIM treatment. It was observed that the expression of the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2) decreased, whereas the pro-apoptotic protein Bcl-2-associated X protein (Bax) and caspase expression levels increased upon TIM treatment.
Members of the Bcl-2 family serve key roles in the regulation of apoptotic processes in numerous cancer cells (9) . NOXA, a crucial pro-apoptotic protein in the Bcl-2 family, interacts with the anti-apoptotic Bcl-2 protein MCL-1, interfering with the polymerization of Bax and Bak to trigger apoptosis (22, 23) . The NOXA/MCL-1 axis has been reported to be involved in apoptosis induced by chemotherapeutics in a number of tumor models (9, 23) . In the present study, the expression of MCL-1 decreased upon TIM treatment, while the pro-apoptotic protein NOXA was upregulated. Furthermore, the addition of PGE 1 , an MCL-1 stabilization agent (24) , antagonized the anti-proliferative effects of TIM on U2OS cells. These results indicated that TIM induced intrinsic mitochondrial apoptosis through the NOXA/MCL-1 axis in osteosarcoma cells.
Various chemotherapeutics activate ER response while inducing apoptosis in cancer cells (25) . As a central regulator of ER stress to control the activation of transmembrane ER stress sensors (IRE1 and ATF6), GRP78 has been established by a large number of studies as a marker of ER stress (26) . As signaling proteins in ER stress, IRE1 activates the apoptosis-signaling kinase-1, which further activates downstream of stress kinases to promote apoptosis, and ATF6 translocates as a transcriptional factor to the Golgi compartment where it is cleaved upon ER stress (27) . The current study results demonstrated that ER stress marker proteins were upregulated upon TIM treatment, suggesting that TIM triggered ER stress in osteosarcoma cells.
However, in the current study, only one osteosarcoma cell line was analyzed in detail, which poses a limitation. Thus, further studies are required to validate the effects of TIM on osteosarcoma.
In conclusion, the present study demonstrated that TIM, isolated from whole plants of Selaginella moellendorffii Hieron., inhibited osteosarcoma growth, by inducing apoptosis via the NOXA/MCL-1 axis and ER stress. The results provide novel insight that may assist in the development of TIM as a therapeutic agent against osteosarcoma.
